Combining inorganic-organic perovskites and crystalline silicon into a monolithic tandem solar cell has recently attracted increased attention due to the high efficiency potential of this cell architecture. Promising results with published efficiencies above 21% have been reported so far. To further increase the device performance, optical optimizations enabling device related guidelines are highly necessary. Here we experimentally show the optical influence of the ITO thickness in the interconnecting layer and fabricate an efficient monolithic tandem cell with a reduced ITO layer thickness that shows slightly improved absorption within the silicon sub-cell and a stabilized power output of 17%. Furthermore we present detailed optical simulations on experimentally relevant planar tandem stacks to give practical guidelines to reach efficiencies above 25%. By optimizing the thickness of all functional and the perovskite absorber layers, together with the optimization of the perovskite band-gap, we present a tandem stack that can 
INTRODUCTION
Accompanied by the discovery of their superior optoelectronic properties, an outstanding rise in power conversion efficiency during the last six years was shown for solar cells based on organic-inorganic perovskite materials such as CH3NH3PbI3. 1 Today, certified power conversion efficiencies reach over 21% 1, 2 and values as high as 21 .1% have been reported 3, 4 for cells based on this class of materials. Due to the high optical band-gap of ca. 1.56 eV that is close to the optimum when combining with crystalline silicon (c-Si), the market leading PV technology, perovskite materials are promising absorbers for high-efficiency perovskite/silicon tandem applications. [5] [6] [7] In the perovskite/silicon tandem cell, the wide gap perovskite cell is stacked on top of a silicon bottom cell. High energy photons are then absorbed within the perovskite top-cell and converted to charge carriers at a high voltage. Low energy photons are absorbed by the c-Si bottom cell.
Thus, a wide spectral range of absorption is covered by the tandem, in order to gain a high photocurrent. As a consequence, the radiative losses from thermalization of high energy photons well above the silicon optical band-gap are reduced, since these photons are captured by the perovskite top-cell. These radiative losses account for more than 50% 8 of the overall losses in silicon single junctions and get reduced to around 35% for perovskite/silicon tandem cells. Thus, in theory, efficiency limits of 30-35% 5, 9, 10 have been calculated based on optical and electrical simulations of perovskite/silicon tandem architectures. This is well above stateof-the-art silicon single junction efficiencies, for which a "practical limit" of ~26% has been estimated. 11, 12 Current champion cells, which are based on amorphous/crystalline silicon heterojunctions similar to those used in the present study (albeit with both contacts on the cell's rear side) are very close to this practical limit with record efficiencies of 25.6%. 13 In principle, there are two distinct basic tandem cell architectures: 4-terminal and 2-terminal (monolithic) devices. When building a 4-terminal device, two solar cells are processed individually and then mechanically stacked on top of each other. This enables more flexibility during processing. So far efficiencies between 13 and 22.8% have been reported for this cell architecture. 6, [14] [15] [16] [17] In monolithic devices all layers are processed directly on top of each other.
Thus, the layer processing of the perovskite top cell must be adjusted to meet the requirements, for example, temperature restrictions of the silicon bottom cell, which increases the complexity of the device engineering. However, this architecture has the advantage of less lateral current collection in the transparent contact region between the two sub-cells, as only vertical transport is necessary in the interconnecting layer. Therefore, less conductive layers can be employed reducing parasitic absorption. Moreover, a monolithic architecture requires only one substrate support and only one external circuit which also reduces costs. To realize high efficiencies, current matching between the monolithically processed sub-cells needs to be achieved and thus the optical features of the tandem stack become highly important. together with the published monolithic perovskite/ silicon tandem cells according to Refs. [20] [21] [22] Filled symbols refer to device designs using >200°C temperature during device processing. Open symbols refer to low temperature (<200°C) processing routes. b) Schematic device design of the monolithic silicon heterojunction/perovskite tandem solar cell. The visible spectrum of the sunlight is absorbed by the perovskite front-cell and the NIR spectrum by the silicon back-cell. Figure 1a ) displays the evolution in certified power conversion efficiency of different silicon single cell technologies, perovskite single junctions together with non-certified monolithic perovskite/silicon tandem cells that have been published so far. [20] [21] [22] All of the displayed silicon technologies show efficiencies around 25% or above. The PERL cell, which held the silicon single junction efficiency record for a long time, was a proof-of-concept device based on expensive manufacturing processes such as photolithography. In contrast, silicon heterojunction cells are economically viable and in production, and at the same time this cell type currently holds the single junction efficiency record, achieved in a rear contact geometry. 13 While this low temperature, plasma deposition based technology is considered to be somewhat disruptive, the TOPcon cell concept is regarded as a possible upgrade path for today's commercial high efficiency cells fabricated on monocrystalline silicon using high temperature diffusion processes. These technologies have been highly optimized and are therefore close to the proposed practical limit of 26% 11, 12 (dashed line). Thus, a lot of effort is necessary to overcome this limit with silicon technologies itself. At the same time, when such cells are used as the bottom cells in silicon-based tandem cells, they provide an ideal basis to explore the efficiency limits of such architectures.
An alternative way to produce highly efficient devices is to use a complementary absorber such as perovskites that can be implemented into tandem devices. Since 2013, the efficiency of perovskite single junctions has been increasing steadily, reaching values above 21% at the end of 2015. 1, 3 Due to the high efficiency of perovskite single junctions, tandem applications are becoming more and more relevant. Up to now three publications reported on monolithic perovskite/silicon tandem cells with very promising results that are summarized in Figure 1 left.
Mailoa, Bailie and coworkers, 20 published the first monolithic perovskite/silicon tandem cell using a diffused silicon homojunction cell with an intermediate tunnel recombination contact formed by highly n-doped amorphous hydrogenated silicon, which was deposited on the diffused p++ emitter and then partially crystalized in a high temperature step. This silicon bottom cell is temperature stable and therefore a mesoporous TiO2 scaffold could be used for the perovskite top cell that had silver nanowires as transparent top contact. Their device design showed 15.5% efficiency under reverse scan direction (from open circuit to short circuit conditions) and a stabilized efficiency of 13.7% with a stabilized Voc of 1.58 V. The photocurrent was strongly limited by the parasitic light absorption of the doped spiro-OMeTAD layer. 20 In our previous work, we developed the first monolithic perovskite/silicon-heterojunction (SHJ) tandem cell using a planar perovskite sub-cell that was processed at temperatures below 120°C. 22 The monolithic integration of the semitransparent perovskite sub-cell on the SHJ starts with an atomic layer deposited SnO2 grown at low temperatures which functions as energetically aligned electron selective contact. for anti-reflection (AR) and light trapping to enhance the photocurrent that is generated in the silicon bottom cell. Recently, Werner and coworkers realized a monolithic perovskite/silicon-heterojunction tandem cell with the highest efficiency so far. 21 They used an organic electron extraction contact formed by the fullerene derivative PCBM which is known to positively affect the transient effects that result in a reduced hysteretic behavior when measuring the JV curve. Using the same textured foil for improved absorption and AR as in Ref, 22 Werner et al. could realize an efficiency of 21.4 % in forward scan and an only slightly reduced stabilized efficiency of 21.2%. These encouraging results, make the perovskite/silicon tandem architecture a promising concept to overcome the practical efficiency limit of silicon single-junctions in the near future. Figure 1b ) displays the typical device structure of a silicon heterojunction/perovskite monolithic tandem solar cell that was used in the present work, in our previous publication and by Werner et al. 21, 22 High quality surface passivation of the n-type wafer is provided by thin layers of intrinsic (i) amorphous hydrogenated silicon a-Si:H, the front emitter is made from pdoped a-Si:H and the back surface field by n-doped a-Si:H. In this device design, the perovskite top cell can be directly applied in its "normal" configuration with the perovskite being grown on the electron transport material (ETM), e.g. TiO2, SnO2, or PCBM, facing towards the recombination contact that interconnects both sub-cells. The top contact is formed by the hole transporting material (HTM), e.g. doped Spiro-OMeTAD and sputtered TCOs or solution processed layers such as silver nanowires 14 or graphene. 17 When using a sputtered TCO, a thin buffer layer of thermally evaporated MoO3 can be utilized to protect the organic HTM during the sputter process. 
METHODS

Tandem solar cell fabrication:
The experimental details on the tandem cell fabrication can be found elsewhere. 22 Briefly, both-side polished float zone n-type (111) oriented wafers with 4 inch diameter, 255 µm thickness, and a resistivity of 2-5 Ω·cm were cleaned with the standard RCA process and etched for 1 minute in diluted hydrofluoric acid immediately before a-Si:H deposition. Intrinsic a-Si:H layers were deposited by standard PECVD processes using silane, as precursor gas. The n-type and p-type doped a-Si:H layers were prepared by adding PH3 or B2H6 to the precursor gas, respectively. On the front side of the wafer, 40, 60 or 80 nm ITO was deposited by RF magnetron sputter deposition in a Roth & Rau sputter tool at room temperature.
The back contact was formed by sputtering 70 nm of aluminum doped zinc oxide (AZO) and 400 nm silver in a Leybold Optics A600V7 tool at room temperature. After finishing the back contact, the silicon samples were annealed at 200°C for 5 min in air.
15 nm-SnO2 layers were deposited at 118 °C using nitrogen as a carrier gas Measurements: JV measurements were conducted using a "Steuernagel Lichtechnik" sun simulator, mimicking AM 1.5G spectra and adjusted to 100 mW/cm² by measuring the short circuit current of a calibrated silicon solar cell (Fraunhofer ISE). The silicon reference and the monolithic tandem samples were temperature controlled to 25°C during measurement. The monolithic tandem cell has an active area of 4x4 mm² defined by both ITO layers and an 3 x3 mm² aperture was used during JV measurement. The EQE was measured with monochromated light from a dual source lamp (tungsten or halogen) mechanically chopped to 78 Hz for the detection with a lock-in amplifier. The intensity of the lamp is checked with calibrated reference diodes. Constant background illumination was provided by 450 nm LED light or a halogen lamp filtered with an RG 850 edge filter. Transmission and reflection spectra were measured with a PerkinElmer UV−VIS spectrometer, equipped with an integrating Ulbricht sphere and calibrated using a Fraunhofer ISE certified white standard.
Optical simulations:
The optical simulations of the tandem stacks presented in figure 4 were conducted using a transfer matrix algorithm implemented in the software "GenPro4", either extracted from spectral ellipsometry measurements or taken from literature for spiro-
MoO3, 28, 29 and (n)nc-Si:H, 30 respectively. The optical parameters of the higher band-gap perovskites have been generated by shifting the optical constants from Ref 27 in 20 nm steps into the blue. Note that recent experimental findings on higher band-gap perovskites agree with a complete blue-shift of the absorption coefficient as utilized here. 7 We performed the thickness optimization with the simulated annealing algorithm, 31 a Monte Carlo method as it is implemented in the MATLAB Global Optimization Toolbox. During the optimization, all the layers above the (p) a-Si:H were allowed to vary in thickness within the experimental relevant parameter range (see Table 2 ). As a cost function we used the minimum of the maximum achievable current densities in the top and bottom cells, which was maximized.
The maximum achievable current density is calculated by multiplication of the simulated absorption with wavelength and the photon flux according to the AM 1.5G spectrum. The resulting spectrum is then integrated over wavelength from 350 to 1200 nm. Thus, with the absorption of the functional layers and the total reflection, the parasitic absorption and reflection can be correlated to a current density loss. Note that the maximum achievable current is comparable to the short circuit current (Jsc) under the assumption that 1) the sub-cells are close to current matching and 2) all photons absorbed in the individual sub-cell at the respective wavelength range generate charges that can be collected at short circuit conditions. The later assumption can hold for both, the silicon-heterojunction to eliminate the reflectance features in the spectral range below 1000 nm, which cause optical losses, it is necessary to optically optimize the perovskite sub-cell and its functional layers. Any light trapping schemes that are applied at the back of the silicon wafer will only enhance the EQE at the onset of the silicon sub-cell absorption, thus in the range above 1000 nm.
By utilizing optical simulations, we have proposed in our previous work that the ITO in the intermediate contact significantly alters the optical features within the monolithic tandem stack. 22 To further proof this experimentally, we have fabricated monolithic tandem devices that have different ITO thicknesses ranging from 40 to 80 nm without altering the other layers.
The general device architecture is similar to that of our previous publication. Further reduction of the reflectance losses is possible using an LiF layer as a second , additional AR coating, 20 which has an refractive index in between that of air and ITO. We used the monolithic tandem cell with 40 nm ITO intermediate layer from Figure 2b ) and evaporated LiF to reduce reflection and enhance EQE. Figure 3a shows the resulting JV curves under simulated AM 1.5G illumination calibrated to 100 mW/cm² when scanning in forward and reverse direction. The inset shows the current density and efficiency at a fixed voltage close to the maximum power point measured over a period of 50 sec. The corresponding performance data can be found in Table 1 . Figure 3b ) displays the EQE of the two sub-cells in the monolithic tandem configuration accessed with bias light.
Due to hysteresis effects, the JV reverse scan (from Voc to Jsc) results in higher FF of 75.3%
and Voc of 1780 mV as compared to the forward scan. Holding the cell for several seconds at the maximum power point deduced from the reverse scan, the efficiency stabilizes at ca. 17% after 40 sec. The measured Jsc of 14 mA/cm² matches the photocurrent obtained by integration of the EQE that results in 14.3 mA/cm² for the silicon bottom cell. This is slightly higher as compared to our previous result. 22 However, the photocurrent density gained from the perovskite top-cell is by 2.4 mA/cm² higher and therefore the non-matched JV curve is strongly limited by the silicon bottom cell. Figure 3 . The current from EQE is deduced as described in methods section. Due to hysteresis, different bias scanning directions were used at a scan rate of 500 mV/s for measuring the JV characteristics. The stabilized power output was obtained from holding the cell close to maximum power point (fixed bias) and measuring the current as a function of time. To further improve the device architecture, current matching must be realized and the reflectance losses should be reduced. Therefore, we simulated a thickness variation of the perovskite top-cell and its functional layers and calculated the photocurrent of the limiting subcell for different device designs as shown in figure 4 within the experimental thickness range presented in table 2. For the optimization, we used the simulated annealing algorithm as described in the methods section. During an optimization run, several thousands of different layer thickness combinations for each tandem architecture are evaluated using GenPro4 to find the maximal achievable photocurrent density that can be realized with a particular layer stack.
In table 2, the optimized thicknesses together with the absorption loss of each layer can be found for the three different device designs.
FIG. 4:
Schematic representation of the simulated device structure that was used in Figure 5 and 6. Three different devices designs were simulated and optimized to reach the highest Jsc in the tandem structure: device 1 is that used in the experiment, device 2 instead of ITO uses an n-type nc-Si:H layer as recombination contact and device 3 uses the experimental contact design but a perovskite with optimized optical band-gap. For film thicknesses see Table 2 . Table 2 . Table 2 : Simulated photocurrent and optimized thicknesses of the individual layers that yield the highest current density of the limiting sub-cell. The photocurrent and reflection loss is deduced from the simulated absorption shown in Figure 5 and 6. Additionally, the experimentally relevant layer thickness range is given that was used as boundary conditions for the optimization. Device 1 is shown in Figure 5a ) and contains an ITO intermediate recombination * the optical band-gap of the perovskite used in the simulation is indicated in brackets in eV. Figure 5 displays the simulated absorption of each layer in the tandem stack. In the plot, the absorption of each layer is summed up at each wavelength to directly illustrate the parasitic absorption and reflection losses. Table 2 shows the maximum achievable photocurrent density that can be gained as defined in the methods section. The simulation reveals that starting from a perovskite thickness of 600 nm and not optimizing the functional layers, results in highly imbalanced photocurrent densities of 20 mA/cm² for the perovskite and only 13 mA/cm² for the silicon sub-cell (data not shown). Reducing the perovskite thickness to 300 nm, for higher transmission of red photons into the silicon enhances the photocurrent to ~15 mA/cm² in the silicon sub-cell. When in addition, the functional layers are optimized to meet current matching, current densities above 17 mA/cm² can be realized in both sub-cells. Furthermore, based on the experimentally found Voc of 1.13V in single junction configuration, which has been shown for CH3NH3PbI3 based devices with EQE onsets around 800 nm, 37, 38 the Voc of the perovskite sub-cells with higher band gaps is estimated. Here we assume that the higher energy of the optical band-gap directly translates into a higher Voc. However we include a slight decrease of Voc in the tandem cell of 6mV due to the reduced photocurrent generation as compared to the single junction configuration (see methods section). When increasing the band gap from 1.56 eV towards 1.7 eV in the simulation, the Jsc of the tandem cell is not altered, as the optimized thickness for the higher band-gap perovskite increases in parallel. Therefore, the absorption onset of the perovskite is sharper and less photons above the perovskite bandgap are transmitted to the silicon for higher band-gaps, leaving the sum of photocurrents of both sub-cells unchanged. This is indicated by the white and grey lines in Figure 6a ). Further increasing the band-gap well above 1.7 eV will get into limitation of the perovskite absorption also for very thick perovskite films with a thickness above 1500 nm, which was set as the maximum experimentally relevant thickness in the simulation (indicated by the dashed line in Figure 6b ). Note that efficient devices with thicknesses up to 3µm were shown recently by utilizing blade coating, 39 and the typical charge carrier diffusion length in perovskites is in the order of micrometer. 40, 41 However further increasing the perovskite thickness from 1.5 to 3µm
for a band gap of 1.78 eV did not significantly enhance the tandem Jsc. Thus, the optimum between high Jsc and high Voc is found for a band-gap of 1.73 eV (corresponding to an absorption onset of 715 nm) for which 17.48 and 17.47 mA/cm² can be generated in the perovskite and silicon sub-cell, respectively (see Table 2 ). Assuming to have a siliconheterojunction Voc of 730 mV in single junction configuration, the Voc in the bottom cell can be reduced by 21 mV according to the reduced Jsc in the tandem (see methods section). By further assuming an FF of 81% which is just slightly above the experimentally record value (data not shown), efficiencies of the tandem device are found to be 28.4% for the optimized band gap. Figure 6a ) displays the absorption and reflection together with the current that can be generated in each layer and the loss current due to reflection for a simulated tandem cell with the optimized band-gap of 1.73 eV and 1383 nm perovskite thickness (device 3). For thicker perovskite layers, the absorption edge at the perovskite band-gap is very sharp and therefore enables to have current matching at higher band-gaps. In addition, the number of interference fringes increases and with that the overall reflection loss is slightly enhanced (see Table 2 ) for thicker perovskite layers. 
DISCUSSION
We can draw a clear strategy to further enhance the performance of monolithic perovskite/silicon tandem solar cells. First, experimental routes to fabricate stable perovskites with the optimized band-gap of around 1.73 eV must be identified which may be provided by cation mixtures of cesium and formamidinium and halide mixtures of bromide and iodide. 7 Second, the open circuit voltage of the higher band-gap perovskites needs to be increased to around 1.3 V. Therefore depending on the energy level shifts accompanied with the band-gap enhancement, new charge carrier selective materials with fine-tuned energetics need to be applied to make sure that the Voc is not contact limited. Third, the perovskite layer thickness at the optimized band-gap should be enhanced to values above 1µm to make sure that the light between 500 to 700 nm is fully absorbed in the perovskite. With these three ingredients, the efficiency can be boosted to values above 28%. Fourth, the parasitic absorption of the spiroOMeTAD layer between 350 and 730 nm is in the order of 1.8 mA/cm². Especially for the optimized band-gap, reducing this current loss could be directly translated into higher photocurrent generation in the perovskite, provided it becomes possible to either process the spiro-OMeTAD layer much thinner or other hole transporting materials with less parasitic absorption are found. To circumvent this parasitic absorption also, inverted perovskite architectures are highly favorable as electron selective window layers such as PCBM or ZnO can be applied that show less parasitic absorption and enhanced stability. 42, 43 Fifth, for the thicker perovskite with the optimized band-gap, the interference and accompanying reflection losses could be significantly decreased when applying light trapping schemes either at the back side of the wafer or on the front of the planar top-contact. In addition, if strategies can be developed that allow for conformal growth of the perovskite on textured silicon wafers, the standard silicon texture processing could be utilized that enables highly efficient light trapping in the silicon.
CONCLUSION
In conclusion, we reported on the optical optimization of planar monolithic silicon in which all film thicknesses of the top-cell and its functional layers were optimized to gain the highest photocurrent density. We have shown that the optimum layer thickness combination is different from the experiment, and it should be possible to produce almost the same photocurrent density of 17.5 mA/cm² and 17.6 mA/cm² for devices with a thin ITO recombination contact (device 1) or instead using n-type nc-Si:H (device 2), respectively. We further studied the increase of the perovskite band-gap on the tandem performance in detail and found the optimum band-gap for this device architecture to be around 1.73 eV (device 3), including experimentally relevant parameters and the typical parasitic absorption of spiroOMeTAD. At this perovskite band-gap, the Voc should be enhanced to 1.3 V, provided that the energetic increase in band-gap can be directly translated into a higher Voc. Together with the assumption of having a FF of 81%, this would result in a planar monolithic tandem cell with an efficiency of 28.4%. Further work will be devoted to finding optimal light trapping schemes that enable efficient light management in this fascinating type of tandem architecture.
